Terahertz time domain spectroscopy (THz-TDS) has been used to study the electrical and optical properties of a series of carbon nanofibers (CNFs) that have undergone different heat treatments. The high-temperature heat-treated (HHT) sample displayed increased absorption and real refractive indices across the range 0.3-3.5 THz when compared to the low-temperature heat-treated (LHT) and pyrolitically stripped (PS) samples. The experimental results were fitted by using a Drude-Lorentz model and an effective medium approximation to yield the electrical parameters of the sample such as the plasma frequency, phonon mode frequency, and oscillator strength. These parameters were used to rationalize the differences as being due to an increase in graphitic order in the HHT sample when compared to the LHT sample and to an even greater extent the PS sample. HHT, LHT, and PS CNFs can be used as catalysts for the oxidative dehydrogenation of ethylbenzene to styrene. They exhibit different catalytic yield and selectivity which can be correlated with their dielectric properties at terahertz frequencies. The results suggest that THz-TDS is a useful tool for characterizing the graphiticity of CNFs in terms of electon density and mobility which, in turn, correlate with the catalytic performance of these materials.
Introduction
In recent years THz-TDS has been used in an increasing number of fields, including studies of pharmaceuticals, 1 DNA, 2 proteins, 3 and carbon nanotubes (CNTs). [4] [5] [6] [7] THz-TDS has been found to be of great use in the investigation of CNTs as it allows the frequency-dependent electrical and optical parameters of the nanotubes to be calculated without the need of the Kramers-Krönig relationship (which has to be used in FTIR spectroscopy, for example). This is possible because the time domain waveform contains both magnitude and phase information which may be extracted by using a Fast Fourier Transform (FFT). By using a combination of the Drude-Lorentz (DL) and effective medium approximation (EMA) models it has previously been demonstrated that it is possible to interpret the differences between "pristine" CNTs and hydrogen-functionalized CNTs solely in terms of a change in plasma frequency of the DL model. 5 This suggested that there was an increased number of charge carriers in pristine CNTs compared to the functionalized CNTs, resulting in an increase in the absorption coefficient and real refractive index of the pristine CNTs.
CNTs and CNFs have a wide range of potential applications, including electronics, composite materials, drug delivery, hydrogen storage, and uses in heterogeneous catalysis. 8 Carbonaceous materials in catalysis are most commonly associated with catalyst deactivation; however, highly ordered carbon structures have been shown to exhibit high activity and selectivity in a number of reactions. For instance, onion-like carbon structures exhibited high yields and selectivity in the oxidative dehydrogenation (ODH) of ethylbenzene. 9 In that work the activity of the nanostructured carbons was related to their degree of graphitic order. Specifically, materials with a higher basal plane to edge/kink site ratio (i.e., less ordered materials) provided higher yields of styrene. The activity of carbonaceous materials for ethylbenzene ODH has been investigated by a number of workers. [10] [11] [12] [13] [14] The characterization of such ordered carbonaceous materials represents a significant challenge for traditional optical spectroscopies (e.g., due to high absorption) and 13 C NMR spectroscopy, which is unsuitable for conducting or paramagnetic samples. [15] [16] [17] In the present study we have investigated the catalytic activity of a series of heat-treated CNFs for ethylbenzene ODH, and attributed differences in activity to their electrical and physical properties as revealed by THz-TDS. Given that the heat treatment process is expected to remove or graphitize the layer of disordered carbon that envelops CNFs, 18, 19 this paper explores the extent to which THz-TDS can be used to probe the electron landscape in these materials. We present models of the measured dielectric response in terms of the availability of charge carriers in the different CNF samples and relate these to the observed trend in catalytic selectivity.
Experimental Section
The sample materials PR19XT-PS, PR19XT-LHT, and PR19XT-HHT were sourced commercially (Pyrograf-III, Pyrograf Products Inc., Cedarville, OH). These samples have been described in detail in the literature 18, 19 and have a measured diameter of 108 ( 47 nm. The PS sample has been pyrolitically stripped at 973 K in order to remove any polyaromatic hydrocarbons from the CNF surface. In contrast, the LHT sample has been treated at 1773 K in order to carbonize and chemically vaporize deposited amorphous carbon while the HHT sample has been treated at the higher temperature of 3273 K resulting in the graphitization of the CNF. 20 Further preparation details are documented elsewhere. 18 Vapor grown CNF thin films were prepared by using the vacuum filtration method. 21 Briefly, aqueous dispersions of the CNF samples at a concentration of 2 mg/L were prepared through sonication in 2-propanol. CNF films of different densities and thicknesses were achieved by filtration of volumes of either 50 or 80 mL through 220 nm pore size Millipore mixed cellulose ester membranes. The ester membrane with the CNF thin film was then transferred onto z-cut quartz disks, compressively loaded, heated to 343 K by a hot plate, and etched in consecutive acetone and 2-propanol baths, leaving behind CNF thin films on the substrates for measurements. Due to the preparation method the fibers were randomly aligned parallel to the substrate (see Figure 1 ). The films had thicknesses between 3 and 10 µm. Thickness measurements were performed with a Dektak 6 M profilometer (Veeco Instruments Inc., Woodbury NY).
Catalytic activity tests were carried out with a quartz microreactor. A fixed bed of CNF (0.1 cm 3 ) was constrained between two plugs of quartz wool and held isothermally at 773 K. The reaction mixture, ethylbenzene, oxygen, and nitrogen in a 3.7:4.8:91.5 ratio, was introduced at a flow rate of 50 cm 3 min -1 , with a total pressure inside the reactor of 2.7 × 10 5 Pa. The reaction products were analyzed by using a gas chromatograph (Agilent 6890 GC), employing a flame ionization detector. The results are reported in terms of the styrene yield, 100 × (mol styrene produced)/(mol ethylbenzene fed), with selectivity indicated by the ratio of styrene to other hydrocarbon products, (mol styrene produced)/(mol other hydrocarbon products). These quantities have previously been used to indicate the catalytic performance of carbonaceous materials in this reaction. 22 THz-TDS was performed at 293 K with a setup similar to that described previously. 23 To speed up the acquisition process, and to improve spectral resolution and signal-to-noise ratio, a 50 ps rapid optical delay was used. For each time domain waveform, 200 scans were coadded. After averaging, the waveforms were truncated at 30 ps to avoid a source reflection and zero filled to the next power of 2. FFT was performed to extract the magnitude and phase of the signal as a function of frequency. For each sample a time domain waveform was acquired through the sample film on the substrate as well as the substrate only. The substrate-only time domain waveform was used as the reference waveform in the subsequent analysis.
Results and Discussion
Catalytic activity tests were carried out on the three CNF samples. ODH of ethylbenzene results in the formation of a variety of hydrocarbon products, with styrene and benzene accounting for in excess of 96% of these in all cases. The ratio of styrene to other hydrocarbon products is shown in Figure 2 . After 8 h on stream this value is 15.9, 5.6, and 2.0 for PS, LHT, and HHT samples, respectively. Considering the yield of styrene over the three materials the same trend is observed, with yields of 31.3%, 26.1%, and 20.5% obtained at this time. A previous study compared the activity of onion-like carbon (OLC) and ultradispersed diamond (UDD) for ethylbenzene dehydrogenation. 22 In that work a styrene-to-benzene ratio of approximately 30:1 was achieved over OLC in contrast to only approximately 3:1 over UDD; it was proposed that quinolinic functionalities, which are believed to be the source of selectivity toward styrene, are more easily formed at the surface of OLC. These functionalities are formed in situ during reaction. The ranking of the CNFs with respect to selectivity to styrene in the present study suggests that the ease of forming quinolinic functionalities is most likely greatest on PR19XT-PS, followed by PR19XT-LHT and finally PR19XT-HHT.
Quinolinic functionalities will most easily form at defect sites, and therefore selectivity might be expected to correlate inversely with graphiticity, and thus with the free electron density within the CNFs. Such structural and electronic properties of the catalytic materials can be probed by THz-TDS. In the THz-TDS experiments the frequency-dependent magnitude and phase information extracted for each sample and reference was analyzed as follows to extract the dielectric properties of the sample. By considering the sample as a thin film (refractive index ñ 1 ) deposited on a quartz substrate (refractive index ñ 2 ) the following equation relating the complex frequency spectrum of the sample A sam with that of the reference (quartz only) A ref is derived. This is achieved by summing the reflections within the thin film between the quartz and air (refractive index ñ 0 ) interfaces:
where t 01 , r 01 , t 12 , and r 12 are the Fresnel transmission and reflection coefficients from air into the sample and from the sample into the substrate, respectively, and t 02 is the transmission coefficient from air into the substrate. 0 ()dω/c) accounts for the displacement of the air from the sample compared to the reference waveform due to the thin film and () ñdω/c) is the propagation vector through the thin film (d is the thin film thickness). is related to the complex refractive index ñ:
where ε(ω) is the complex dielectric function of the material. Equation 1 represents the theoretical model for the comparison of the reference and sample spectra, therefore if the thickness of the thin film is known, the complex refractive index of the sample may be obtained by minimizing the difference between the experimental ratio of the sample spectrum to the reference spectrum and the theoretical ratio as predicted by using eq 1. The minimum function found in this way uses the theoretical ratio with the best estimates of the complex refractive index of the sample. Figures 3 and 4 show the absorption coefficient and real refractive index of the samples calculated with this approach.
As seen in Figures 3 and 4 , PS, LHT, and HHT samples each have significantly different responses with respect to both absorption coefficient and real refractive index as a function of frequency. Differences in the shape of the absorption spectra were observed between the three samples, with a progressively increasing gradient detected from the PS to LHT and HHT sample. This has resulted in an increased absorption coefficient for the two samples treated at higher temperatures, particularly at higher frequencies. For example, the absorption coefficient at 2 THz for the PS, LHT, and HHT samples is 1480, 1890, and 3500 cm -1 , respectively. The real refractive index also shows a large difference between the HHT sample and the LHT and PS samples with the HHT sample displaying a much higher refractive index throughout the frequency range. The difference between the LHT sample and the PS sample is less pronounced but the sample treated at higher temperature has a higher refractive index, especially above 1 THz. For example, the real refractive index observed at 2 THz for the PS, LHT, and HHT samples is 2.4, 3.1, and 6.0, respectively.
Further understanding of the differences in structural and electrical characteristics between the three samples has been achieved by modeling the dielectric response of the samples by using an EMA and the DL model following the method reported in a recent investigation of CNTs. 5 The DL model considers the dielectric response of the CNFs (ε CNF ) as a combination of three terms: the background permittivity (ε ∞ ), the free electron response (the Drude term), and the contribution of bound electrons within the carbon structure that oscillate at particular vibrational frequencies or phonon modes (the Lorentz term). As such it takes the following form:
where Ω p is the Drude plasma frequency, Γ is the Drude damping rate, and Ω p,k , ω k , and Γ k are the Lorentz plasma frequency (commonly known as the oscillator strength), phonon frequency, and the spectral width respective to the k-th Lorentzian mode. The use of a single Lorentz mode was found to give an adequate fit to the observed data within the spectral region of interest. The plasma frequency for the Drude term is of the following form:
As can be seen in eq 4 the plasma frequency is proportional to the square root of the number of electrons available to that interaction (N e ); therefore the Drude plasma frequency will be proportional to the square root of the free-electron density. An analogous form of eq 4 exists for the Lorentz plasma frequency, where N e refers to the number of bound electrons avialable to the interaction; therefore the plasma frequency of the Lorentz modes will be proportional to the square root of the boundelectron density corresponding to that oscillation energy. The Drude damping rate also has a clear relationship to the freeelectron density due to its relationship with the free-electron collision rate, τ: 
) t 01 t 12 exp(i ) exp(-i 0 ) t 02 (1 + r 01 r 12 exp(i2 )) (1)
where V is the electron drift velocity and σ is the scattering cross section. Equation 5 therefore suggests that an increase in the Drude damping rate (Γ) can be correlated with an increase in the free-electron density. Possible physical interpretations of the Lorentzian spectral width (Γ k ) are more difficult. As with the Drude damping rate this term is a retarding term on the phonon mode oscillation; however, Γ k is likely to be influenced by contributions from both the bound and free electron densities. Two EMAs were implemented to model the dielectric constant of the resulting thin film as a combination of the dielectric constant of the CNFs as modeled in eq 3 with a host medium in this case assumed to be air with a dielectric constant of 1. They are known as the Maxwell-Garnett (MG) and Bruggeman (BR) models and are as follows:
where ε eff , ε CNF , and ε sub are the dielectric constants of the effective medium, CNFs, and host dielectric, respectively, and f is the volume density of the CNFs as a fraction of the whole medium. The two effective medium models are shown schematically in Figure 5 . Figure 5a describes the essential features of the MG model. The hashed region represents the pseudoparticle with the effective dielectric constant (ε eff ), which is composed of the host dielectric and the inclusions (ε CNF ). The polarizability of this pseudoparticle within the host dielectric is modeled as the sum of the polarizabilities of the inclusions within the host dielectric that are contained within the volume of the pseudoparticle. In contrast, in the BR model (Figure 5b) , the total polarization of the region is found by considering the polarizabilities of the inclusion particles (ε CNF ) and host dielectric particles embedded within a medium. For the effective dielectric constant to be the dielectric constant of this medium the polarizabilities of the embedded particles must sum to zero. These subtle differences in how the models treat the substrate and inclusions means that the MG model is not necessarily as applicable as the BR model for high concentrations of polarized particles. However, little difference was observed between the two models for these samples as is shown in Table 1 . For clarity only the values for the MG model are discussed within the text. It should be noted that in eqs 6 and 7 the CNF orientation has been assumed to be isotropic within the thin film to simplify the model. Table 1 contains the parameters of the models used to produce the best fit lines in Figures 3 and 4 . By using a high-resolution Scanning Electron Microscope (SEM) (Carl Zeiss EVO 50) running at 20 kV to image the thin film surface and subsequent image analysis, a lower bound to the filling factor was found to be ∼0.7 (Figure 1 ). This agreed well with the filling factors extracted from the models which were 0.75 for the PS and LHT samples and 0.9 for the HHT sample. The single phonon mode frequency (ω 0,j , at ∼7.0 THz) obtained from the analysis did not vary significantly between the three samples and correlates well with the lowest infrared active phonon mode calculated for a CNT system, and so we postulate that this is a graphitic vibrational mode of the CNF. The values reported here are slightly lower than those reported in earlier studies of CNTs, 24 most likely a result of the increased diameter of the CNFs studied in the work reported here. The clearest insight into the properties of the CNFs is found by considering the plasma frequency (Ω p ) and the Drude damping rate (Γ), where an increase in both terms is observed when going from the PS sample through the LHT sample to the HHT sample. The plasma frequency is proportional to the square root of the free electron density and so an increase in this value from 8.3 THz in the PS sample to 16.1 THz in the LHT sample and then 57.6 THz in the HHT sample is indicative of an increased number of free electrons within the higher heat-treated samples in comparison to the PS sample. Consistent with this result, the Drude damping rate, which is related to the electron collision rate, 4 shows an increase in value from 5.13 THz in the PS sample to 16.4 THz in the LHT sample and 84.6 THz in the HHT sample corresponding to an increase in the density of free electrons as the temperature of the heat treatment increases. A change is also observed in the Lorentz oscillator strength (Ω p,j ), especially between the HHT and LHT/PS samples. The Lorentz oscillator strength is indicative of the number of electrons in the bound state with the corresponding resonant frequency, and so if this resonant frequency corresponds to a graphitic CNT/CNF vibrational mode as has been postulated herein, the Lorentz oscillator strength could be thought of as a measure of the graphitic order of the sample. Therefore, the model values fitted may indicate a more substantial region of graphene-type order within the HHT sample (Ω p,j ) 73.6 THz) when compared to both the LHT sample and the PS sample (Ω p,j ) 36.1 and 36.0 THz, respectively), and a corresponding decrease in the number of defect sites. The change in all three of these parameters implies that there has been an increase in the graphiticity of the HHT sample, and to an extent the LHT sample, when compared to that of the PS sample. The results reported herein suggest that an overall increase in the terahertz absorption
Maxwell-Garnett: corresponds to increasing structural order and loss of functionality, in good agreement with previous conclusions from THz-TDS studies of functionalized CNTs. 5 The increased absorption coefficient and real refractive index (Figures 3 and 4) , when comparing PS, LHT, and HHT in the present study, would therefore imply that there is a trend toward a greater number of charge carriers and fewer defect sites present as treatment temperature is increased. Upon closer analysis of the plasma frequency (Ω p ) and the Drude damping rate (Γ) it is interesting to note that the inverse square of Ω p and the inverse of Γ, extracted from the model fits for the terahertz dielectric values discussed above, both exhibit linear correlations with respect to the selectivity to styrene in the ODH reaction over the three samples (see Figure  6 ). These correlations are also self-consistent as both Ω p 2 and Γ are directly proportional to the free electron density (which is itself inversely proportional to the free electron mobility µ due to electron-electron interactions). This may be indicative of a loss of the functional groups such as quinoline moieties (in analogy with the hydrogen functionalization reported previously) 5 which have been proposed to be the catalytic centers for styrene production. 22 The observed trend in styrene selectivity ratio and yield for ethylbenzene oxidative dehydrogenation of PS > LHT > HHT can therefore be explained by the differences in the structural and electrical properties of the CNFs. This is supported by previous studies which have proposed that catalytic activity is linked to the number of defect sites within the polyconjugated carbon network. 9 The characterization of the CNFs by THz-TDS in the present work has allowed their catalytic performance to be correlated directly with their graphitic character and hence the ease with which catalytically active sites are formed. Traditional techniques such as Raman spectroscopy have been qualitatively used to identify the amount of disorder and graphitisation in CNFs. [25] [26] [27] In addition to this function, the implementation of THz-TDS allows for the characterization of the electron mobility and defect density of CNFs which may offer useful insights into the catalytic activity of these fibers.
Conclusions
In this paper we have used THz-TDS and the DL model combined with EMA theory to record and explain the differences in three samples of CNFs heat treated at progressively higher temperatures. These differences have then been related to the catalytic performance of the CNFs in the oxidative dehydrogenation of ethylbenzene. THz-TDS recorded much higher absorption coefficients and real refractive indices in the CNFs treated at the higher temperatures. Application of the DL model and an EMA indicated an increase in the plasma frequency, Drude damping rate, and oscillator strength suggesting that the HHT sample, and to a lesser extent the LHT sample, had a higher mobile electron density and a more substantial region of graphene-like order when compared to the PS sample. Catalytic studes of the samples produced results consistent with this hypothesis, with the least graphitic sample (the PS sample) recording the highest styrene yield, followed by the LHT and HHT samples. This sensitivity to changes in the electrical properties of such graphitic structures makes THz-TDS an ideal tool to understand the physical and electrical properties of these materials. These data can then be used to gain insights into their catalytic properties as a function of electron mobility and defect density. Indeed, in circumstances where traditional approaches such as NMR can no longer be used due to the increasing conductivity of the sample, terahertz may give valuable new insights to the catalytic performance of such systems. 
